We examined the chirality dependent optical selection rules in two-dimensional monolayer materials with the honeycomb lattice, and based on symmetry argument, we generalized these rules to multi-photon transitions of arbitrary orders. We also presented the phase relations between incident and outgoing photons in such processes. The results agreed nicely with our experimental observations of second and third harmonic generations. In particular, we demonstrated that the phase relation of chiral second harmonic generation can serve as a handy tool for imaging domains and domain boundaries of these monolayers. Our results can benefit future studies on chirality related optical phenomena and opto-electronic applications of such materials.
Abstract:
We examined the chirality dependent optical selection rules in two-dimensional monolayer materials with the honeycomb lattice, and based on symmetry argument, we generalized these rules to multi-photon transitions of arbitrary orders. We also presented the phase relations between incident and outgoing photons in such processes. The results agreed nicely with our experimental observations of second and third harmonic generations. In particular, we demonstrated that the phase relation of chiral second harmonic generation can serve as a handy tool for imaging domains and domain boundaries of these monolayers. Our results can benefit future studies on chirality related optical phenomena and opto-electronic applications of such materials.
Two dimensional (2D) materials with honeycomb lattices are of great interest in recent years for their peculiar optical and electronic properties [1] [2] [3] . They include graphene, hexagonal boron nitride (h-BN), transitional metal dichalcogenides (TMDCs, including MoS 2 , MoSe 2 , WS 2 , WSe 2 ), and monochalcogenides (including GaSe and InSe).
All these monolayers share similar honeycomb structure like graphene as viewed from the top [ Fig. 1(a) ], which generates the opposite Berry curvature and orbital magnetic moment at K and K' valleys [4] [5] [6] [7] [8] . In TMDCs, the two sub-lattices are occupied alternatively by different atoms, which breaks the inversion symmetry and, together with the spin-orbital coupling, leads to the well-known valley contrasting optical selection rule [9] [10] [11] . As illustrated in Fig. 1(b) , the one-photon excitations at the K and K' points must be driven by the left and right circularly polarized (CP) photons (denoted by  + and  -), respectively. This can be evident from the chirality resolved photoluminescence (PL) spectra from the TMDC monolayer, such as WSe 2 [ Fig. 1(c) ]. The excitation wavelength and power were 1.88 eV and 10 W from a 150 fs Newport Inspire auto 100 OPO laser system [12, 13] . At 19 K, upon the  + excitation, the PL from the valley is also dominated by the  + component [9] [10] [11] . By defining the chirality parameter to be [10, 11] ( ) ( ) ( ) ( ) with I being the intensity, we found   0.3 for the PL, which quantifies the preservation of valley polarization.
Later, several groups observed chirality dependent second harmonic generation (SHG) and two-photon photoluminescence (TPPL) in these materials, and attributed the phenomena to the conservation of both valley and orbital angular momenta [14] [15] [16] . Here we revisit them from the viewpoint of the group theory. For all such honeycomb lattices, the local symmetry at K and K' valleys belong to the C 3h double group with a three-fold rotational symmetry [17] . Upon incidence, the electric field vectors of a  + ( -) photon can be described by ̂ ̂, with ̂, ̂ being unit vectors in the sample plane [ Fig. 2(a) observed the SHG to be predominantly  -polarized (left panel); and with  -input, the SHG was predominantly  + polarized (right panel). Remarkably, the chirality parameter is nearly 1.0 even at the room temperature [15, 16] , which far exceeds that of the onephoton PL. This is because the PL lifetime is that of the non-equilibrium carrier population; during the emission, it is vulnerable to the inter-valley scattering that kills the valley polarization. Instead, the SHG is an instantaneous process, only lasts until the excited carriers loses coherence. Therefore, compared to the PL, the CP-SHG can provide the information of a nearly perfect valley polarization.
The CP-SHG is also distinct from the usual LP-SHG in its anisotropy feature. In the lab coordinates, we define  to be the angle between the ̂-axis of the incident light field and ̂ -axis, the armchair axis (along the mirror plane) of the honeycomb lattice On the other hand, if the monolayer consists of multiple domains with different orientations, the SHG from neighboring domains will have different phases and interfere.
If the armchair directions of neighboring domains are off by an angle , the phase difference between their SH signal is then , and the SHG intensity at the domain boundary is
with I 0 being the SH intensity of a single domain. So domain boundaries will always appear dimmer than neighboring domains. Figure 3(a) shows the white-light microscopy image of a CVD-grown multi-domain MoS 2 monolayer, on which no grain boundary could be resolved. Figure 3(b) is the LP-SHG image of the same area. As we reported in As we mentioned above,  1 is the totally symmetric representation, so its product with any other representation leaves that representation unchanged. Therefore, the above chiral selection rules can be easily generalized to direct transitions with more than three photons.
Below we summarize the rules for multi-photon transitions in a 2D honeycomb lattice around valleys: 1) the (3m-2)-photon (m  positive integers) transition can be excited by CP photons, and the emission is of the opposite chirality; 2) the (3m-1)-photon transition can also be excited by CP photons, but the direct emission is a photon of the same chirality; 3) the (3m)-photon transition cannot be excited by CP photons of the same chirality.
To conclude, we studied the chiral selection rules for multi-photon transitions in 2D honeycomb lattices, which are directly consequent from the local symmetry of K/K' valleys of such lattices. We also presented the phase relation between input and output photons in different cases. In particular, the phase relation of CP-SHG allows a nice tool for simultaneously imaging all TMDC domains and domain boundaries. More generally, these chiral selection rules are robust as protected by symmetry, so it can be readily generalized to high order direct transitions with more photons. For example, it can help guide the generation of CP high harmonics using related materials [24] [25] [26] . The phase of the emitted  + ( -) photon is the same with that of the fundamental photon.
(f) The LP-THG intensity versus the angle .
